Recent studies have highlighted the involvement of the palatine tonsils in the pathogenesis of psoriasis, particularly among patients with recurrent throat infections. However, the underlying immunological mechanism is not well understood. In this study we confirm that psoriasis tonsils are infected more frequently by β-haemolytic Streptococci, in particular Group C Streptococcus, compared with recurrently infected tonsils from patients without skin disease. Moreover, we show that tonsils from psoriasis patients contained smaller lymphoid follicles that occupied a smaller tissue area, had a lower germinal centre to marginal zone area ratio and contained fewer tingible body macrophages per unit area compared with recurrently infected tonsils from individuals without skin disease. Psoriasis patients' tonsils had a higher frequency of skin-homing [cutaneous lymphocyte-associated antigen 
Introduction
Psoriasis vulgaris is a chronic inflammatory skin disease characterized by highly noticeable erythematous, thickened, scaly plaques [1] . The plaques reflect a massive keratinocyte hyperproliferation driven by an inflammatory infiltrate rich in CD4 + , CD8
+ and γδ-T cells [2] [3] [4] . Psoriasis affects approximately 2% of people of both sexes [5] , with diminished quality of life [6] and significant co-morbidities [7] . While psoriasis has been established to be a complex genetic disease [8] , environmental factors such as trauma and stress can play a role in its elicitation [1] . Throat infections by β-haemolytic Streptococci have been associated with its initiation and acute exacerbation [9] [10] [11] [12] [13] [14] [15] . This interaction is not well characterized, but psoriasis patients are more vulnerable to throat infections than their aged-matched household controls [11] . The palatine tonsils are important for mucosal defences due to their location at the opening of the respiratory and digestive tracts as part of the efficient lymphoid defence system, termed Waldeyer's ring [16] . Tonsils are coated with a thick squamous epithelium that extends into branched crypts lined by reticulated epithelium [16] . Tonsils contain numerous secondary lymphoid follicles that form after antigen stimulation. These have a distinguished mantle zone that surrounds a highly organized and dynamic structure, the germinal centre (GC), which is divided into dark and light zones. Within the dark zone, B cells undergo somatic hypermutation and clonal expansion while the light zone is the den of antigen selection and cell proliferation. B cells that do not survive are removed by tingible body macrophages located throughout the GC [17] . The mantle zone contains various cell types, including naive B cells, mature B cells, T cells and dendritic cells. The extrafollicular area is also packed with T cells, mainly of the CD4 + phenotype. The association between streptococcal throat infection and the onset or exacerbation of psoriasis has been observed in many studies [15] , and this observation gave rise to the hypothesis that the T cells that drive psoriatic skin lesions might originate in tonsils, from where they migrate to the skin and stimulate plaque formation [18] . This is supported by the fact that skin T cells tend to be oligoclonal [18] and T cells isolated from the skin and tonsil of the same individual have been shown to carry the same TCRVB gene rearrangements, indicating a common origin [14] .
Tonsillectomy appears to be beneficial for some psoriasis patients who have a history of skin disease exacerbation triggered by sore throat [15, 19] . There is a strong correlation between disease improvement and a decline in the frequency of skin-homing T cells in the blood that recognize homologous peptides, present in both the streptococcal M protein and keratins in psoriatic skin [19] . This skin-homing characteristic is associated with the expression of cutaneous lymphocyte-associated antigen (CLA), which has been shown to be induced by inflammatory stimuli such as interleukin (IL)-12 and streptococcal superantigens [20] [21] [22] released during streptococcal throat infections. CLA + tonsil T cells can be T helper type 17 (Th17), Th22 or Th1 polarized, as these phenotypes have been shown to be increased in psoriatic skin [23] [24] [25] and blood [26] .
It is currently not understood why, following streptococcal infection, only some people experience psoriatic outbreaks. One possible explanation is that the tonsil microenvironment of these individuals promotes the generation of inflammatory T cells that drive the skin disease. We investigated this possibility by comparing the histology of recurrently infected tonsils from psoriasis patients with those of individuals without skin disease, finding that tonsils from psoriasis patients contained smaller lymphoid follicles covering less tissue area, the proportion of germinal centre to marginal zone area was smaller and there were fewer tingible body macrophages per unit area. In addition, we examined the expression of a number of phenotypic T cell markers on CD4
+ and CD8 + tonsil T cells using flow cytometry, and found that psoriasis patients' tonsils had a higher frequency of CLA + , CD4
+ and CD8 + T cells and there was a significant correlation between tonsil and blood CLA + T cell frequency. The psoriasis patients also had a higher frequency of tonsil T cells expressing IL-23 receptor, which was also expressed preferentially by the CLA + T cell population.
Our results show that the tonsils of psoriasis patients are distinct histologically from non-psoriasis tonsils, both with regard to follicular morphology and the number of tingible body macrophages present within the GC. Furthermore, psoriasis tonsils had a higher frequency of T cells expressing CLA and IL-23 receptor. These findings might, to some extent, explain why tonsillectomy can have a beneficial effect in psoriasis.
Materials and methods

Study cohort and tissues
Palatine tonsils were obtained from eight patients with hypertrophic tonsils (HT), 66 patients with recurrent infections, 25 of whom were psoriasis patients (PST), and 41 were without skin disease (RT). Tonsils were obtained through routine tonsillectomies at the National University Hospital, Reykjavik, Iceland or as part of a clinical trial for tonsillectomy as a treatment for psoriasis [19] . A complete medical history was gathered from the psoriasis patients. For non-psoriatic donors, the age, sex and frequency of tonsil infections was obtained. All participants signed informed consent. The study was approved by the National Bioethics Committee of Iceland and conducted in compliance with good clinical practice and according to the Declaration of Helsinki Principles.
Tissue preparation and mononuclear cell isolation
Tonsils were stored immediately in cold sterile saline after excision until processed. For bacterial analyses, swabs were taken from both the crypt and the surface epithelium of the RT and the PST tonsils. For histological evaluation, tonsil tissue was snap-frozen in Tissue-Tek optimum cutting temperature (OCT) compound (Sakura Finetek, Zoeterwoude, NL) and kept at −70°C until processed. Tonsil mononuclear cells were isolated as described previously [27] . Briefly, tonsils were minced into 3-mm pieces, passed through a tea-sieve and washed with Hanks's balanced salt solution (HBSS; Gibco, Invitrogen, Paisley, UK). Peripheral blood monuclear cells (PBMC) were isolated from the heparinized venous blood of psoriatic individuals prior to tonsillectomy. All mononuclear cells were collected at the interphase fraction formed by density gradient centrifugation on Ficoll (Sigma-Aldrich, St Louis, MO, USA). Cells were then washed twice in phosphate-buffered saline (PBS) and resuspended in PBS for fluorescence activated cell sorter (FACS) staining. Immunohistochemistry. Fresh frozen 5-μm sections of tonsil were air-dried and fixed in cold acetone for 10 min and stained with haematoxylin (Thermo Shandon, Pittsburgh, PA, USA), followed by a dip into 37 mM ammonia solution. Sections were dehydrated in alcohol with a concentration gradient of 70-90-100%, fixed in Accustain (Sigma-Aldrich) and mounted with Mountex (Histolab Products AB, Göteborg, Sweden). After fixing, some sections were blocked with 1% hydrogen peroxide in PBS containing 3% mouse serum, washed in PBS and blocked for 20 min with 1·5% mouse serum (Vector Laboratories, Burlingame, CA, USA), then incubated with monoclonal anti-CD68 (KP1; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 30 min and stained according to the Vectastain Elite rabbit immunoglobulin (Ig)G kit protocol (Vector Laboratories). The staining was visualized using 3,3′-diaminobenzidine (DAB; Becton-Dickinson) and counterstained with haematoxylin, as described previously. As a negative control, the primary antibody was omitted.
Evaluation of T cell surface receptor expression
Bacterial culture and typing. Bacterial typing from throat swabs was carried out by culture on sheep blood agar and Streptococcus subspecies were identified using a Streptex kit (Thermo Fisher Scientific, Remel, Lenexa, KS, USA).
Histological measurements
Tonsil tissue was evaluated by measuring the size of the tissue area and the circumference of follicles, germinal centres and mantle zones. Measurements were collected in mm 2 at 25× or ×100 magnification in two to four locations within the same tissue using Axiovision version 4·6·3 software (Carl Zeiss, Jena, Germany). Follicles were also counted in the visual field of ×25 magnification from at least four locations within the same tonsil tissue. All tonsil sections were coded and evaluated by a blinded observer. Macrophages were counted within the germinal centre at ×100 magnification. The number of crypts was counted at ×25 magnification. On average, three to four follicles were selected randomly per tissue section of each tonsil. One tissue section was utilized from every tonsil.
Statistics
Statistical significance was determined using the MannWhitney U-test, Student's t-test, Fisher's exact test, Spearman's test or linear regression where appropriate.
Results
β-haemolytic Streptococcus is isolated more commonly from psoriasis tonsils
Given the previously reported associations between tonsil infections with β-haemolytic Streptococci and psoriasis [9] [10] [11] [12] [13] [14] [15] , we first analysed the bacterial colonization of recurrently infected tonsils from individuals with and without psoriasis. All the donors of the recurrently infected tonsils (RT) reported that they had, on average, four symptomatic infections annually, and the group of psoriasis patients (PST) had been selected for a clinical trial on the basis that they had a history of worsening of their skin disease following throat infection [19] . Thus, we found that bacteria could be cultured from the tonsils of both groups with 68% of PST tonsils and 44% of RT tonsils positive for one or more species (Table 1 , P = 0·0001, Fisher's exact test twotailed P-value). We found that Group C Streptococcus was the dominant isolate from psoriatic tonsils and this was significantly more frequent in psoriatic than non-psoriatic tonsils (Table 1 and Fig. 1 , 40 versus 14·6%, P = 0·021). In addition, all groups of β-haemolytic Streptococci (Groups A, B, C and G) were found to be over-represented significantly in psoriasis tonsils compared with recurrently infected tonsils ( Table 1 and Fig. 1 , P = 0·036 all groups combined). Interestingly, co-cultured bacteria were found more Table 1 . Bacterial cultures from psoriasis and recurrently infected tonsils.
Tonsil Bacteria cultured
Streptococcus of group:
Staphylococcus aureus
Escherichia coli
PST: psoriasis tonsils; RT: recurrently infected tonsils.
The association of psoriasis and sore throat commonly in psoriatic tonsils (six of 25 versus two of 41, P = 0·0455), as were infections by bacterial species other than streptococcus (Table 1 , six of 25 versus two of 41, P = 0·0455). No significant difference was observed between swabs taken from the crypts and the surface epithelium of the same tonsil. Interestingly, tobacco smoking appeared to influence the likelihood of bacterial infections among the psoriasis patients (P = 0·052, Fisher's exact test), but this information was not gathered from the RT group. Smoking did not appear to affect histological features of the tonsils.
Tonsils from psoriasis patients contain small follicles dominated by mantle zone
To investigate whether there are underlying histological differences in recurrently infected tonsils from individuals with and without psoriasis, we measured the number and size of lymphoid follicles in haematoxylin-stained tonsil cryosections. Whole follicles were measured so that they included both the germinal centre (GC) and the mantle zone (MZ). Hypertrophic tonsils had, on average, the largest follicles ( Fig. 2a,d ), while the smallest were present in the psoriasis tonsils (Fig. 2c,d ). This difference was due both to larger GC ( Fig. 2e ) and larger MZ within the HT tonsils (Fig. 2f) . The RT follicles were most often larger than the psoriasis tonsils ( Fig. 2b,d ), but did not differ with regard to the size of the MZ area (Fig. 2f) . Interestingly, some follicles had very small GC (Fig. 2b ,c), while others had negligible MZ (Fig. 2a,b ).
Hypertrophic tonsils are dominated by enlarged lymphoid follicles
The relative proportions of the GC and the MZ areas revealed that follicles were dominated typically by a GC in the hypertrophic tonsils compared with RT and PST tonsils ( Fig. 3a-d , P = 0·005 and P = 0·02, respectively). However, follicles in PST tonsils were dominated by their MZ, which was a significantly larger proportion of the follicle structure compared with that of HT ( Fig. 3e , P = 0·012) or RT tonsil follicles ( Fig. 3e , P = 0·01). No difference was observed in the number of follicles per unit area of tissue (Fig. 3f) , despite the hypertrophic tonsils having a proportionally larger tissue area containing follicles (Fig. 3g) . Tonsil stroma consists mainly of follicles and extrafollicular space. Evaluation of the follicle size, as a percentage of tissue that is filled by follicles, could give further indications of histological and functional differences between the tonsils. In hypertrophic tonsils, the follicles account for the largest part of the total tissue area compared with PST and RT tonsils 
Group B Streptococcus
Group G Streptococcus
Group A Streptococcus
No bacteria cultured 56% Fig. 1 . Analysis of bacteria isolated from recurrently infected tonsils of psoriasis patients and controls revealed that tonsils from psoriasis patients were infected more frequently by β-haemolytic Streptococci. Psoriasis tonsils (PST, left) were infected more frequently by β-haemolytic Streptococci than were the recurrently infected tonsils not associated with skin disease (RT, right, P = 0·021), with a strong bias towards Streptococcus C infection (P = 0·036). Two distinct bacterial species could be cultured from some of the tonsils, and this occurred significantly more frequently with PST tonsils (P = 0·001). In terms of co-infections, the co-culture of Streptococcus G and C was the only common factor between the two tonsil groups.
No difference was observed in the overall number of uninfected tonsils [32% in PST versus 56% in recurrently infected tonsils (RT)]. Infections by bacterial species other than streptococcus were more frequent among the psoriasis tonsils (six of 25 versus two of 41, P = 0·0455). Fisher's exact test, two-tailed P-values.
( Fig. 3f , P = 0·0004 and P = 0·014, respectively), while no difference was observed between the PST and RT tonsils. The difference appeared to be due to both the larger size of the GC in the hypertrophic tonsils compared with PST ( Fig. 3g , P < 0·0001) and RT tonsils ( Fig. 3g , P = 0·017) and the MZ area ( Fig. 3h : RT, P = 0·008; PST, P = 0·018). The difference between PST and RT tonsils was observed only in the evaluation of the GC as a proportion of total tissue ( Fig. 3g , P = 0·02).
The number of CD68 + macrophages correlates with follicle size and is lower in the PST tonsils
The tingible body macrophages express CD68 on their surface and are located within the GC (Fig. 4a) . Their number correlated with both the size of the follicle (Fig. 4b-d) and the GC in all tonsils (Fig. 4e-f) . Interestingly, evaluation of the number of macrophages per mm 2 of GC or follicle size revealed that they were fewer in the PST tonsils than the RT tonsils ( Fig. 4g , P = 0·025; 4h, P = 0·06).
The frequency of skin-homing (CLA + ) T cells is increased in the tonsils of psoriasis patients
Given the association of sore throat and the onset or exacerbation of psoriasis, the skin-homing potential of tonsil T cells was evaluated by analysing the frequency of CLA + T cells using flow cytometry. Our gating strategy is illustrated in Fig. 5 . The frequency of CLA + T cells was significantly higher in the PST tonsils compared with RT tonsils (Fig. 6a-b) ; this applied to both the CD4 + (P = 0·024) and the CD8 + T cell populations (P = 0·01). Furthermore, there was a fairly strong correlation between the frequencies of CLA + T cells in the tonsils and blood (Fig. 6c,d ) of psoriasis patients for both CD4 + (r = 0·62, P = 0·024) and CD8 + T cells (r = 0·65, P = 0·01).
IL-23R is expressed preferentially by skin-homing T cells in psoriasis tonsils
Analysis of the Th17-associated IL-23 receptor (IL-23R) revealed an increased frequency of both IL-23R +
CD4
+ T cells (P = 0·002) and IL-23R +
CD8
+ T cells (P = 0·004) in the psoriatic tonsils compared with RT tonsils (Fig. 6e,f) . CD4 + T cells co-expressing CLA and IL-23R were marginally more common in the PST tonsils ( Fig. 6g , P = 0·04), with no difference observed for the CD8 + T cells (not shown). Psoriatic tonsils also had a higher frequency of CD4 + T cells expressing the CD62L and CCR7 + (Fig. 6h , P < 0·0001 for both), suggestive of a central memory phenotype. Interestingly, CD4
+ T cells expressing the activation markers CD69 or CD25 (Fig. 6h,i ; P = 0·0002 and Fig. 6i ; P = 0·0005) alone or
Average size of follicle Average size of germinal center and the psoriasis tonsils (PST, c) contain follicles of various sizes. Measurements of the follicular circumference revealed that PST follicles were smaller than the HT (d, P < 0·0001) and RT follicles (d, P = 0·008). The germinal centres were also significantly smaller in comparison to the other groups (e, HT, P < 0·001; RT, P = 0·0014), while the mantle zone of both RT (f, P = 0·02) and PST (f, P = 0·009) tonsils was smaller than in the HT group. All measurements were made in mm 2 at ×25 magnification in two to four visual fields per tonsil. Statistical significance calculated with Student's t-test or Mann-Whitney U-test, as appropriate; n.s.: not significant.
The association of psoriasis and sore throat concomitantly (Fig 5i, P = 0·0005) were significantly more frequent in the RT tonsils. This did not apply to CD8 + T cells. T cells from RT tonsils also had greater expression of CCR5 (Fig. 6i, P = 0·009 ). Furthermore, a higher co-expression of CLA with the skin-homing-associated molecules CCR10 (Fig. 6i , P = 0·047) and CCR4 + CCR10 + (P = 0·006) was observed in the RT tonsils. Interestingly, CLA expression accompanying CCR6 (Fig. 6i , P = 0·047) was more common among the CD4 + T cells in the PST tonsils. No difference was observed between the PST and RT tonsils for CCR4 or CCR10 alone (data not shown).
Discussion
The palatine tonsils form an important part of the mucosal defence system of the upper respiratory tract and the Conversely, the mantle zone is the larger portion of the follicle in the PST tonsils compared with the HT (e, P = 0·019) and the RT tonsils (e, P = 0·012). The RT and HT tonsils appeared to be proportionally similar (d,e). Although the tonsils differed in the size of their follicles, there was no difference in follicle number (f). Evaluation of the total tissue area covered by follicles revealed that the HT tonsils had a significantly larger follicle area than both the PST and the RT tonsils (g, P = 0·0004 and P = 0·014, respectively). Germinal centres (GC) and mantle zones (MZ) were analysed further to distinguish which was the influencing factor. HT tonsils had both a larger GC and MZ than both the PST (h, P < 0·0001; i, P = 0·018) and the RT tonsils (h, P = 0·017; i, P = 0·08). However, the difference between RT and PST tonsils was present only for the GC (h) that was significantly smaller in the PST tonsils (P = 0·02). Data points represent average measurements of all follicles in each tonsil in mm 2 at ×25 magnification in two to four visual fields for each tonsil. Statistical significance was determined using Student's t-test or Mann-Whitney U-tests as appropriate and indicated on each panel. Follicles shown at ×100 magnification.
opening of the digestive tract. Due to their location, infections by bacteria, virus and fungi are common, although only few cause symptomatic sore throat. In some instances infections can become persistent, leading to the eventual removal of the tonsils by tonsillectomy. Comparison of the bacteriology of recurrently infected tonsils from psoriasis patients and individuals without skin disease confirmed that bacterial infections were more common among the psoriasis tonsils (Table 1 , P = 0·0001) and that tobacco smoking appeared to increase their vulnerability to infection (P = 0·0529). Psoriasis has a complex genetic background, and numerous linkage studies, followed by genome-wide association studies (GWAS), have resulted in the identification of 41 genetic susceptibility loci [28] , 36 of which are associated with genes that have a known immunological function [28] and might be important to the immune responses of the tonsils. These include genes involved in T cell and innate cell function such as ERAP1, IL12B, IL23R, IL23A, NOS, TYK2 and STAT3, as well as TNIP1, TRAF3IP2, TNFAIP3, CARD14 and REL, important for nuclear factor (NF)-κB signal transduction. Thus, the differences in bacterial colonization and tonsil histology reported here may be partly the consequence of particular allele carriage at these loci influencing tonsil innate and adaptive immune responses.
Of note is the ability of some bacteria, including streptococci, to penetrate and survive in host cells as facultative intracellular bacteria [29, 30] , which renders antibiotic treatment challenging [31] [32] [33] [34] [35] and probably influences the outcome of bacterial swab tests, which typically only culture extracellular organisms. Moreover, tonsils are typically not excised during infectious episodes, probably adding to the underestimation of bacteria species. The recent introduction of high-throughput DNA/RNA sequencing for studies of the microbiome, which does not rely on the ability of bacteria to grow on selection media, are now revealing the true diversity of tonsil flora [36, 37] .
The bacterial infections noted here were mainly by β-haemolytic Streptococci (serotypes A, B, C and G, P = 0·021), in particular Group C Streptococci (Table 1 , P = 0·036), which have been associated with psoriasis [9] [10] [11] [12] . Streptococcal infections have been shown to induce the expression of the skin-homing molecule CLA on the surface of T cells [20] [21] [22] [38] [39] [40] . We have reported previously that psoriasis patients have an increased frequency of CLA + T cells in the blood [40] , and in this study we show the same pattern in the psoriasis tonsils (Fig. 6a,b) . Peptides sharing homologous sequences from streptococcal M protein and human epidermal keratins have been shown to stimulate CLA + T cells from the blood of psoriasis patients [39] and lesional T cell clones have been shown to respond in a HLA-restricted manner to streptococcal peptidoglycan [41] . We have postulated that these T cells play an important role in psoriasis [18] , as improvement after tonsillectomy correlates closely with their reduction in blood [19] and T cell clones with similar TCRVB gene usage have been isolated from the tonsils and skin lesions of psoriasis patients [14] . The finding that psoriasis tonsils are infected more commonly by streptococcus and have a higher T cell CLA expression in tonsils that correlate with levels in blood (Fig. 6c,d) is consistent with the notion that streptococcal antigen-specific T cells are involved in the pathogenesis of psoriasis, and that effector T cells generated in the tonsils could migrate through the circulation to the skin.
The epidermal proliferation characteristic of psoriasis is now thought to be driven, at least in part, by IL-17-and IL-22-secreting T cells [23, 42] . T cells releasing IL-17, IL-22 and related cytokines commonly express IL-23R and CCR6 and these cells were more frequent in the psoriasis tonsils (Fig. 6) , suggesting a potential Th17 cytokine bias. A number of studies have shown increased expression of cytokines by T cells from RT compared with HT tonsils, with a predominance of Th1 over Th2 cytokines [43] [44] [45] . When cells from HT and RT tonsils were stimulated with intact, heat-inactivated Haemophilus influenzae and Group A Streptococcus, H. influenza induced IL-1α, IL-1β, tumour necrosis factor (TNF)-α, IL-6, IL-8, IL-2, interferon (IFN)-γ, TNF-β and IL-10 production in both tonsil groups, but Group A Streptococcus induced significantly higher frequencies of IFN-γ-positive cells in the RT group [46] . Similar findings emerged when T cells from HT and RT tonsils were stimulated with isolated streptococcal M-protein, with S. pyogenes-positive RT tonsil T cells secreting more IFN-γ [45] . These reports all indicate that cytokine production by tonsil lymphocytes is elevated in RT compared with HT, and suggest that the pattern of cytokine expression probably differs accordingly to match the pathogenic challenge. Since the emergence of Th17, Th22 and Th9 phenotypes, further studies analysing these T cell phenotypes in terms of cytokine and adhesion/homing molecule expression and localization in tonsils are now warranted.
Although a number of case reports [15] and our recent prospective study [19] suggest that tonsillectomy had a positive outcome on the disease activity of some psoriasis patients, this might be restricted to individuals with a genetic predisposition [e.g. human leucocyte antigen (HLA)-Cw6 carriers] and a history of skin disease exacerbation with sore throat. Follow-up periods vary in these reports, and although several years of remission have been reported it is uncertain whether or not this is permanent, given the dynamic nature of the immune response and the possibility of tonsil regrowth.
Psoriasis tonsils differed from recurrently infected tonsils by containing more CD4 + T cells with lymphoid migrating abilities, expressing more CD62L + and CCR7 + , both of which are important for homing to lymph nodes and T cell areas [47, 48] . These findings, along with the differential expression of the activation markers CD69 and CD25, implicate a dysregulation of innate immune mechanisms in the PST tonsils that influences the differentiation of T cells. This was evaluated further by comparing the histological characteristics of the tonsil. The histology of hypertrophic and recurrently infected tonsils has been studied thoroughly [49, 50] whereas, hitherto, psoriasis tonsils have been histologically undefined. In this study we show that psoriasis tonsils have unique histological characteristics that distinguish them from other tonsils. Tonsil follicles can differ with respect to their reactivity regardless of pathology [51] . Hypertrophic tonsils have large noticeable and clearly defined follicles with an extrafollicular area that is dense with multiple cells (Fig. 2a) . The psoriasis tonsils, however, have follicles that are often less defined, and the extrafollicular area appears less densely packed (Fig. 2c) ; the RT tonsils appear to have an intermediate characteristic (Fig. 2b) , with more crypts than HT tonsils (P = 0·018). PST follicles are smaller ( Fig. 2 ) and cover less tissue area (Fig. 3) . The composition of the follicles was also different, as they have a lower GC : MZ ratio than the other tonsils. Not all follicles were similar in size and structure in the three groups, as some had proportionally smaller GC and Furthermore, the IL-23R was expressed preferentially by CLA + CD4 + T cells, and such co-expression more frequent in the PST tonsils (g, P = 0·04). The frequency of CD4 + T cells expressing CD69 or CD25 alone (h, P = 0·0002 and i, P = 0·0005) or together (i, P = 0·0005) was higher in the recurrently infected tonsils (RT) tonsils. CCR5 expression was also higher in the RT tonsils (i, P = 0·009). Interestingly, CD69 + CD8 + T cells were more frequent in the RT tonsils (P = 0·03, not shown). Furthermore, CD4 + T cells co-expressing CLA and CCR10 (i, P = 0·047) or CCR4 and CCR10 (i, P = 0·006) were more frequent in the RT tonsils. CD4 + T cells expressing CCR7 (h, P < 0·0001), CD62L (h, P < 0·0001) or CLA and CCR6 (i, P = 0·047) were more frequent in PST than RT tonsils. Dotted lines indicate 95% confidence intervals with Spearman's correlation in (c) and (d). For grouped data, statistical significance was determined using Student's t-test or Mann-Whitney U-test as appropriate. Box-plots show median and 95% confidence intervals for PST (n = 11, filled boxes) and RT (n = 22, grey boxes) tonsils.
larger MZ. On rare occasions, follicles with limited MZ or hardly noticeable GC were observed. Germinal centres are important for the humoral immune response, as B cell proliferation, differentiation and immunoglobulin classswitching occurs in the GC. The hypertrophic tonsils in this study had the largest follicles and GC, which also covered the greatest tissue area indicating a highly active GC, which is in accordance with earlier studies [49, 50] . Why the follicles become enlarged is not understood, but it has been suggested that viral infections causing repeated irritation or lack of cell apoptosis within the GC might be the causal factor [52] ; future microbiome studies of the tonsils might shed light on the viral hypothesis. It is possible that the smaller size of the psoriasis follicles is due to a dysfunctional regulation of the GC immune response. Analysis of the tingible body macrophages within the GC can give indications of its function, as their role is to ingest cellular debris within the germinal centre [53] and possibly to down-regulate the GC reaction [54] . Interestingly, the number of CD68 macrophages correlated strongly with both the size of the follicle and the GC. However, psoriasis follicles had fewer macrophages per mm 2 of both GC and follicle area than the RT tonsils. This could cause an accumulation of apoptotic cells within the GC that might interrupt its function and increase the risk of autoantigens. Interestingly, with smaller follicles the T cell area, the extrafollicular area, becomes proportionally enlarged. It could be hypothesized that the combination of increased incidences of streptococcal infections and smaller follicles with possible dysfunction in the regulation of the immune response might lead to insufficient clearance of the bacteria, thus causing enhanced intracellular reservoirs of the bacterium within macrophages and epithelial cells. These could reinfect later, when conditions are favourable. In this respect, it has been shown that approximately 9% of psoriasis patients are symptomless carriers of streptococcus, which is 20% more common than in their household controls [11] . However, in the present study the psoriasis patients were selected on the basis of a known association of sore throat and exacerbation of their disease resulting in a carrier rate of 44% for Streptococcus Groups A, C and G combined.
These results suggest that the immune response in the tonsils of psoriasis patients is abnormal. These data are consistent with the idea that the infiltrating T cells which drive psoriatic skin disease might originate in tonsils where streptococcal infection induces a skin-homing phenotype. CD68
+ macrophages containing peptidoglycan, thought to have originated in the tonsils, have been found in increased numbers in psoriatic skin lesions [52] , and lesional CD4 + T cell clones have been shown to respond in an HLArestricted manner to this streptococcal peptidoglycan [52] . Thus, the recurrent tonsil infections could lead to the maturation of skin-homing T cells that recognize streptococcal membrane and cell wall moieties [55] which, after migration to the skin, could react with streptococcal epitopes [52] or alternatively skin-specific epitopes via molecular mimicry [18, 56] , leading to the development of psoriasis plaques.
